Carica papaya, phloem unloading, fruit sugar uptake, sucrose synthetase, fruit development
Papaya (Carica papaya) sweetness is a major quality factor with a minimum 11.5% soluble solids being required for Hawaiiʼs fruit (Paull et al., 1997) . Sugar accumulation occurs during the last phase of fruit development (Chan et al., 1979; Selvaraj et al., 1982) . The activity of a NaCl-soluble acid invertase (Zhou and Paull, 2001 ) parallels sugar accumulation during the last phase of fruit maturation while sucrose synthase (SS) activity is associated with early fruit growth. Fruit removal and defoliation altered both sugar level and invertase activity in papaya fruit (Zhou et al., 2000) , suggesting that invertase was involved in phloem unloading during sugar accumulation.
Invertases enable the transport of sucrose into the apoplast and vacuole by plasma membrane and tonoplast hexose transporters. Numerous forms of invertases (β-fructosidase; EC 3.2.1.26) are characterized by solubility, pH optima, iso-electric points, and subcellular localization (Sturm and Chrispeels, 1990; Sturm 1999) . Soluble invertases are intracellular, in either the vacuole (acid optima) or cytosol (neutral or alkaline) (Fahrendorf and Beck, 1990; Karuppiah et al., 1989; Nguyen-Quoc and Foyer, 2001) . Soluble acid invertase levels affect the sugar composition of mature fruit tissues (Ho, 1996; Hubbard et al., 1989 Hubbard et al., , 1991 Husain et al., 2001; Klann et al., 1993) and modulate sink strength (Arai et al., 1992; Klann et al., 1996; Ma et al., 2000; Sturm, 1999) . Sucrose accumulation in developing tomato fruit is associated with low levels of soluble acid invertase (Klann et al., 1993) and controlled primarily by a recessive acid invertase gene (Egashira et al., 1999) . Insoluble (apoplastic, cell wall) invertase increases sugar unloading by maintaining a sucrose concentration gradient between source and sink (Godt and Roitsch, 1997) .
Transgenic plants with altered cell wall or vacuolar invertases had different developmental and sugar partitioning patterns (Klann et al., 1996; Ma et al., 2000; Neubohn et al., 2000; Sonnewald et al., 1997; Tang et al., 1999) , suggesting that different invertase isoforms may have unique functions. In tomatoes, these invertases are encoded by a small gene family regulated by environmental and metabolic signals (Godt and Roitsch, 1997) . The mechanism of phloem unloading varies during tomato fruit growth. During early growth, sucrose is unloading symplastically from the phloem without hydrolysis (Nʼtchobo et al., 1999) though invertases are present. Later in tomato development, sucrose is unloaded apoplastically, involving invertase (Ruan and Patrick, 1995) .
A combined molecular and biochemical approach was used to investigate the relationship between the expression of invertase genes and the protein levels and activities of invertase during papaya fruit development. The data presented supports the proposal that the enhanced expression and activity of a cell wall invertase was involved in the accumulation of sugars during the latter stage of fruit development, whereas sucrose synthase was possibly involved in early fruit growth. The results also support post translation control of invertase activity. An understanding of sugar accumulation in papaya would provide alternative approaches to increasing fruit sweetness.
Materials and Methods
PLANT TISSUE. 'Sunsetʼ papaya fruit, grown at the University of Hawaiiʼs Poamoho Experimental Station, were used as experimental material. Fruit developmental stages and maturity were estimated by days after anthesis (DAA) and skin, fl esh and seed colors as previously described (Zhou et al., 2000) . After harvesting, equatorial mesocarp from at least three fruit at each stage was sampled and immediately frozen in liquid nitrogen and stored at -70 °C until used.
RNA ISOLATION. Total RNA was isolated according to LopezGomez and Gomez-Lim (1992) as modifi ed by Ikoma et al. (1995) . Twenty grams of tissue were ground to a powder with a mortar and pestle in liquid nitrogen, then transferred to a 250-mL centrifuge bottle and vortexed with 40 mL of lysis buffer [2% (w/v) SDS, 1% (v/v) β-mercaptoethanol, 50 mM EDTA, 150 mM Tris baseboric acid (pH 7.5)] plus 60 mL of water-saturated phenol (pH 6.5). Chloroform (60 mL) was then added and mixed well, and the solution centrifuged (4,000 g n , 10 min) at room temperature. After centrifugation, the aqueous phase was extracted with an equal volume of water-saturated phenol and chloroform, and handled as described by Ikoma et al. (1995) . The total RNA was dissolved in H 2 O and quantifi ed. RNA quality was analyzed by electrophoresis on 5% formaldehyde/1.0% agarose gel. The total RNA was directly used for RT-PCR, Northern blots, and poly (A) + mRNA isolation for cDNA library construction.
REVERSE TRANSCRIPTASE PCR (RT-PCR).
First strand cDNA was synthesized from total RNA (5 µg) using Oligo-dT or random hexamer primers using the Superscript Preamplifi cation System (Bibco-BRL/Life Technologies, Bethesda, Md.). Primer I: 5ʼ-GGAATTCAARAAYTGGATGAAYGAYCC-3ʼ (upstream) and primer II: 5ʼ-GCTCTAGAAARTCIRSRCAYTCCCACATICC-3ʼ (downstream, I = inosine), were from highly conserved regions of known cell wall and vacuolar invertase genes (Davies and Robinson, 1996; Hedley et al., 1994; Mercier and Gogarten, 1995; Sturm and Chrispeels, 1990) . Primer III: 5ʼ-GCTCTAGAGGDATIMDYT-GIAYICYIGCC-3ʼ (downstream), was a conserved region in cell wall invertase genes (Hedley et al., 1994; Mercier and Gogarten, 1995; Sturm and Chrispeels, 1990) . The PCR consisted of 2 µL of the fi rst strand cDNA, 1× PCR buffer (Promega, Madison, Wis.), 1.5 mM MgCl, 0.2 mM dNTP, 100 ng each upstream (forward) and downstream (reverse) primer, and 2 units of Taq DNA polymerase (Promega) in a 50 µL reaction volume. The thermocycling regime was: 94 o C for 6 min, followed by 40 cycles of 94 °C for 1 min, 42 °C for 1 min, 72 °C for 1.5 min. The fi nal extension period was 72 °C for 7 min. PCR products were analyzed on a 1% agarose (1× TAE) (40 mM Tris-HCl, pH 7.4, 20 mM sodium acetate, 1 mM EDTA) gel.
CONSTRUCTION AND SCREENING OF CDNA LIBRARY. Total RNA was isolated from 250 g of fruit fl esh ≈2 weeks before harvest as described above. Poly (A) + mRNA was isolated using the poly (A) + Tract mRNA isolation system (Promega). Poly (A) + mRNA (10 µg) was used to synthesize the cDNA, ligated into a λ Zap vector (Stratagene, La Jolla, Calif.). PCR was performed using invertase forward and reverse primers at each stage of cDNA library construction to determine the presence of invertase cDNA. The primary library was amplifi ed, stored at 4 °C in 7 % (v/v) DMSO at -70 °C. About 1.2 × 10 6 phages were screened by plaque-hybridization on Magna nylon membranes (Micron Separation Inc., Westboro, Mass.) using the cloned RT-PCR products (558 and 889 bp) as probes (1× 10 -9 cpm/µg) (Sambrook et al., 1989) . The resulting positive plaques were analyzed by PCR using invertase specifi c primers. Positive plaques producing the correct size PCR product were converted to pBluescript SK (-) phagemids according to the manufacturerʼs instructions (Stratagene, La Jolla, Calif.).
CLONING OF THE INVERTASE AND SS CDNA FRAGMENT. The 558-bp and 889-bp fragments obtained from PCR were unidirectionally cloned into the EcoR I/Xba I sites of the pGEM 7Z and pBluescript-SK (-) vectors, respectively, and maintained in Escherichia coli XL1-Blue. DNA sequencing was used to confi rm that the PCR products had homology to cell wall invertase.
The SS gene fragment was obtained by PCR using a cDNA library made from immature green fruit (described above) as template and primers designed to conserved regions found within various plant SS. The forward primer, 5ʼ-CCTGAC/ TACC(T)GGTGGA(C/T)C-AG-GT-3ʼ and reverse primer, 5ʼ-TCA(G)GA(T)GTAA(T)GGA(G)AAA(G)TAA(G/T)A-3ʼ gave two PCR products (1000 and 720 bp) as detected on a 1% agarose TAE gel. The 720-bp product was close to the anticipated size based on the protein sequence. Direct sequencing of the two purifi ed bands confi rmed that the second band was homologous to known SS gene sequences. Fresh PCR product was cloned into the SK (-) phagemid EcoR V site using the T tail cloning technique (Marchuk et al., 1991) . DNA sequence analysis was used to confi rm the correct recombinants.
RNA ANALYSIS. Total RNAs extracted from young and mature leaves, fl owers, young stems, mature leaf petioles, 6 month old seedling roots, immature seeds, young fruit fl esh (14 DAA), and fruit fl esh from fi ve later stages of development were used for Northern analysis. Northerns were prepared from total RNA (10 µg) fractionated on 1% agarose-5% formaldehyde gels. Gene specifi c antisense RNA probes were synthesized and radiolabeled with [α-32 P] UTP (>3000 Ci/mM, ICN Pharmaceuticals, Inc., Costa Mesa, Calif.) using T3 RNA polymerase and 1 µg of linearized plasmid DNA according to the enzyme manufacturer (Promega). The blots were hybridized with 2.5 × 10 6 cpm of probes at 55 °C in buffer containing 0.75 M NaCl, 75 mM sodium citrate, 50% (v/v) formamide, 2× Denhardtʼs solution, 25 mM monobasic sodium phosphate, 25 mM dibasic sodium phosphate, 1.5% (w/v) SDS, and 5 µg·mL -1 salmon sperm DNA and visualized by autoradiography.
GENOMIC DNA ISOLATION AND SOUTHERN ANALYSIS. Genomic DNA was isolated from leaves (Doyle and Doyle, 1987) and ≈10 µg of DNA was digested with EcoRV, HindIII, and XbaI (Promega), then fractionated on a 0.8% (w/v) agarose TAE gel. Prehybridization and hybridization were performed as for the Northerns, except the hybridization temperature was 45 °C.
ANALYSIS OF INVERTASE CLONES.
T3 and T7 primers were used for preliminary DNA sequence analysis of the positive clones. A clone was confi rmed to encode cell wall invertase by comparison with published invertase sequences. All sequencing was performed using an automated ABI Prism 373 DNA sequencer. The cDNA sequence (AF420223) data from each DNA fragment was compiled into a whole length sequence and mapped using the GCG program (Genetic Computer Group, Madison, Wis.).
BAC library construction and isolation of invertase gene. High molecular weight DNA was isolated from young papaya leaves (Zhang et al., 1995) . The BAC vector, pBeloBAC11 (Shizuya et al., 1992) was isolated by alkaline lysis (Sambrook et al., 1989) and twice purifi ed on cesium chloride density gradient centrifugation. The vector was completely digested with Hind III and dephosphorylated by shrimp alkaline phosphatase (Amersham Pharmacia Biotech, Piscataway, N.J.). Partially digested and size-selected Hind III DNA fragments were ligated into the dephosphorylated vector. Three samples of the ligation mix were used to transform 25 µL of E. coli ElectroMAX DH10B cells by electroporation. After electroporation, the cells were resuspended in SOC medium and incubated at 37 °C for 45 min while shaking at 200 rpm. The cells were then plated on LB medium containing chloramphenicol, X-GAL and IPTG, and grown at 37 °C for 35 to 48 h. White (recombinant) colonies were innoculated into 96-well plates containing 150 L of LB freezing media at 37 °C overnight. Clones were randomly chosen from each transformation to determine the insert sizes. Not I digested clones were separated by pulse fi eld gel electrophoresis (PFGE) on a 1% agarose gel. The insert size of each clone was determined by the sum of the sizes of all bands compared with a lambda midrange size standard (New England Biolabs, Beverly, Mass.), excluding the cloning vector band. This BAC library consisted of 39,168 clones from two separate ligation reactions. The average insert size of the whole library was 132 kb.
High-density fi lters were made by replicating 48,384-well microtiter plates onto a single 22.5 × 22.5-cm nitrocellulose (Hybond NT) fi lter using Q-BOT (Genetix, U.K). Clones were double spotted using a 4 × 4 array with six fi elds per fi lter. The grid pattern allowed 18,432 clones to be spotted on one fi lter. Colony fi lters were processed and hybridized using standard techniques (Sambrook et al., 1989) . Probes derived from the cloned papaya fruit invertase cDNA were hybridized to two high-density fi lters to identify BAC clones containing this gene. A positive clone with an insert ≈100 kb, without subcloning, was sequenced.
INVERTASE ENZYME EXTRACTION AND ASSAY. Invertase was extracted from the fruit mesocarp in the absence and presence of 1 M NaCl to enhance the extraction of cell wall bound invertase (Fahrendorf and Beck, 1990 ). The extraction buffer contained 100 mM MOPS-NaOH (pH 7.5), 5 mM MgCl 2 , 1 mM EDTA, 2.5 mM DTT, 0.5 mg·mL -1 BSA, 2% (v/v) glycerol, 1 mM PMSF, 0.05% (v/v) Triton X-100, and the desalting buffer contained 50 mM MOPS-NaOH (pH 7.5), 5 mM MgCl 2 , 0.5 mg·mL -1 BSA, 2.5 mM DTT, 1 mM PMSF. Invertase activity was assayed as previously described (Zhou and Paull, 2001) .
For gel electrophoresis and immunoblot analysis, fruit mesocarp tissue was sequentially extracted. The fruit mesocarp was ground, and allowed to stand for 30 min on ice in extraction buffer minus BSA, plus 1 mM dithiodipyridine and 10 µM (E-64 then fi ltered through) Miracloth. BSA was omitted from the extraction buffer to enable protein quantifi cation (Lowry et al., 1951) , and the 1 mM dithiodipyridine and 10 µM E-64 were added to inhibit papain activity. The fi ltrate pellet was washed twice with extraction buffer and pooled with the original supernatant. The washed pellet was then extracted again with extraction buffer plus 1 M NaCl and shaken for 1 h on ice before centrifugation (10,000 g n, 30 min). The 1 M NaCl extracted supernatant was desalted as above.
PROTEIN GEL ELECTROPHORESIS AND IMMUNOBLOTTING. Total proteins were separated by SDS-PAGE on 12.5% gels and either stained with Coomassie blue or electrophoretically transferred onto 0.45 µm nitrocellulose membranes for immuno-blot analysis. Rabbit polyclonal antisera for carrot cell wall invertase and carrot soluble invertase, kind gifts of Dr. Strum (Lauriare et al., 1988; Unger et al., 1992) , were used. Cross reactive polypeptides were visualized with goat antirabbit IgG secondary antibody conjugated to alkaline phosphatase. Immunodetection was performed following the instruction of ECL Western Blotting System (Amersham Pharmacia Biotech Inc., Piscataway, N.J.).
Results

CLONING OF AN INVERTASE CDNA FROM GREEN PAPAYA FRUIT.
Two RT-PCR products that had the anticipated size (558 bp and 889 bp) were obtained by using the same forward primer and two different reverse primers. The two products had identical nucleotide sequences in the overlapping region. The purifi ed 558 and 889 bp cDNAs were cloned and used as probes to screen a cDNA library. A cDNA was reproducibly isolated from multiple rounds of library screening. The complete amino acid sequence was deduced from the cDNAs (Fig. 1) . The sequence had an open reading frame that encoded a polypeptide chain of 582 residues, calculated MW of 65,537 Da, and an isoelectric point of 6.61. The predicted papaya invertase polypeptide was 68%, 66%, 64% and 63% identical to carrot1 P26792 (Sturm and Chrispeels, 1990) , carrot 3X79423 (Lorenz et al., 1995) , potato Z22645 (Hedley et al., 1994) , and Arabidopsis U11033 (Mercier and Gogarten, 1995) cell wall invertases, respectively, and 45% identical to soluble invertases from tomato (Elliot et al., 1993) , potato (Zhou et al., 1994) , and carrot (Unger et al., 1994) .
ISOLATION OF PAPAYA PUTATIVE CELL WALL INVERTASE GENE. The coding region of the papaya putative cell wall invertase gene isolated was organized into seven exons and six introns (Fig. 2) . The intron sequences were deduced by comparison with protein-coding sequence of the cloned cDNA. All six introns had the boundary sequences 5ʼ-GT/AG-3ʼ at the splicing sites. Exon 2 was only 9 nt long and encoded part of a highly conserved region (NDPNG/A).
CLONING OF SS CDNA FRAGMENT. A 720-bp PCR product (AF420224) was obtained by RT-PCR using primers complementary to conserved SS sequences. The nt sequence of the 720 bp PCR product was highly homologous to Arabidopsis glutinosa mRNA (X92378, 82% identical), Vicia faba mRNA (X69773, 81% identical) and SS genes of other species (data now shown). The deduced amino acid sequence was ≈85% to 90% identical to all sequences in the alignment. SOUTHERN ANALYSIS. Restriction digested DNA from papaya leaves hybridized with gene specifi c antisense riboprobes for invertase to one or two restriction fragments (Fig. 3) . This suggests that the invertase was present as a single gene copy number.
RNA analysis of invertase and SS mRNA levels in different papaya tissue and during fruit development. RNA analysis using invertase-specifi c probes were done on samples from different stages of fruit development and papaya plant tissues (Fig. 4) . Invertase mRNA abundance increased with fruit development and reached a maximum at the mature fruit stage (30% yellow), and then decreased in full ripe fruit. Signifi cant, but lower levels of invertase mRNA were also detected in leaves and fl owers, while minimal levels were detected in petioles, roots and seeds (Fig.  4) . In contrast, SS mRNA abundance was highest in petioles and very young fruit (14 DAA) and was detected at a minimal level in developing and ripening fruit (Fig. 4) .
INVERTASE PROTEIN LEVELS DURING PAPAYA FRUIT DEVELOPMENT. Hybridization of protein blots with the antibody to carrot cell wall acid invertase showed a signifi cant increase in the levels of extracted cell wall invertase proteins during papaya fruit development and ripening (Fig.  5) . The carrot polyclonal cell wall invertase antisera detected a strong signal at ≈73 kDa in proteins extracted without 1 M NaCl, 2 weeks before the fruit began to ripen and at the full ripe stage (Fig 5. lane 2 and lane 5) . Two weaker bands at ≈63 and 53 kDa were also detected, which might be minor invertase isoforms or degraded products. When the washed filtrate pellet was extracted again in the presence of 1 M NaCl, the same molecular weight bands were detected that peaked 2 weeks before harvest (lane 4). The 73-kDa and 53-kDa bands on pellet from 2 weeks before harvest and extracts from full ripe fruit with NaCl were low compared to the supernatant from 2 weeks before harvest and full ripe fruit without NaCl, respectively. This was possibly due to the proportion of invertase protein being reduced relative to the other proteins that became soluble in the presence of 1 M NaCl.
The carrot soluble invertase 43 kDa and 25 kDa subunits only cross-reacted with papaya invertase when the hybridization was carried out at 30 °C. The signal detected by soluble invertase antisera was much weaker than for carrot cell wall invertase antisera in the same blot and hybridization conditions (data not shown).
INVERTASE ACTIVITY DURING PAPAYA FRUIT DEVELOPMENT. Buffer soluble (-NaCl) and total (+NaCl) invertase activities were both low 10 weeks before fruit maturity and increased 6 weeks before fruit maturity (Fig. 6 ). Buffer soluble invertase activity increased 2 to 4 weeks before ripening, decreased slightly then substantially increased again during ripening. The total invertase activity (+NaCl) increased steadily from the pre-maturation to full ripe stage and was 4.7-fold higher than buffer soluble invertase activity 4 weeks before maturity and 18-fold higher in mature fruit at the color break stage. Soluble invertase activity was 94% of the total invertase activity when fruit were fully ripe, as soluble invertase activity increased 26-fold while total activity increased only 1.5-fold during the 7 d postharvest period.
Discussion
Multiple invertase genes have been found in tomato (Klann et al., 1993; Godt and Roitsch 1997) , potato (Hedley et al., 1994; Zhou et al., 1994) , carrot (Sturm, 1996) , grape (Davies and Robinson, 1996) and maize (Carlson and Chourey, 1999; Kim et al., Fig. 1 . Nucleotide and deduced amino acid sequences showed beneath the nucleotide sequence of the sense strand of the papaya invertase cDNA isolated from green papaya fruit (2 weeks before maturity). The conserved amino acid sequences used to make degenerate PCR primers were boldface and underlined. The putative poly (A) + signal sequence is presented in italics and underlined (attaaa, 1924 to 1929) . . Cell wall invertase and vacuolar invertase show spatial and temporal expression patterns related to their distinct functions during growth and maturation. This study provides evidence that the expression of a papaya fruit invertase gene was differentially enhanced during late fruit maturation and may be post-translationally regulated. The predicted polypeptides from the isolated cDNA had high sequence identity (63% to 68%) to cell wall invertases and lower identity (45%) to vacuolar and soluble invertase isoforms (Klann et al., 1993; Tang et al., 1999) . No vacuolar invertase mRNA was detected in immature green and full ripe papaya fruit via RT-PCR and screening of cDNA library.
The amino acid sequence predicted from the isolated cDNA ( Fig. 1) had two highly conserved functional domains representative of cell wall invertases. These included the substitution of Ile (apoplastic) for Met (vacuolar) in N-terminal domain A, and Pro (apoplastic) for Val (vacuolar) in domain B, respectively. Domain A contains the β-fructosidase motif, while domain B contained the conserved Cys believed to be involved in the catalytic function of invertases (Sturm and Chrispeels, 1990; Hedley et al., 1994) . In addition, a variable leader sequence and high isoelectric point are proposed to be characteristic of extracellular invertases (Roitsch et al., 1995) . High pI is thought to be a typical biochemical property of cell wall invertase that is essential for cell wall binding. The papaya invertase had a putative 53 amino acid leader in a nonconserved amino terminus. It also had a calculated pI of 6.61, which is lower than most known extracellular invertases, but 0.47 to 1.16 higher than vacuolar invertases (Davies and Robinson, 1996) . Other apoplastic invertases that have intermediate isoelectric points occur in Chenopodium rubrum of 6.2 (Ehness and Roitsch, 1997) and 7.0 (INCW1) and 5.5 (INCW4) from maize (Kim et al., 2000) . Kim et al., (2000) suggested that the low pI cell wall invertase isolated from maize may represent a new type of cell wall invertase present in a free form in the apoplast. The exon genomic sequence (Fig. 2) was identical to the cell wall invertase cDNA sequence.
The identity of an apoplastic invertase from papaya fruit was supported immunologically and biochemically by the fi nding that the antisera raised against the carrot cell wall invertase reacted more strongly with a protein in papaya fruit than did the antisera made against the soluble invertase (Fig 5) . Polyclonal antisera against the apoplastic isoform of carrot invertase detected proteins of ≈73 and 53 kDa. The predicted MW of the polypeptide from the papaya invertase cDNA was 65,537 Da, close to the estimated MW of 73 kDa from denaturing gels, the difference possibly due to glycosylation. The molecular mass of invertase has been reported as 275 kDa for the soluble invertase from full ripe papaya fruit (Chan and Kwok, 1976) , which would be a tetramer having subunits of 68.75 kDa as encoded by the cDNA.
The 52 kDa for a mature green papaya fruit invertase extracted using a buffer saturated ammonium sulphate (Lopez et al., 1988) was close to the 53-kDa band detected by carrot cell wall invertase and soluble invertase antisera. The molecular masses of the two forms of heterologous invertases from yeast were 81.5 and 78.3 kDa in denatured gel, and 221 and 200 kDa in nondenaturing PAGE (Pérez et al., 2001 ). The folded glycosylated peptide could have effectively shielded the protein from antibody binding and increased its mobility in the gel (Weil et al., 1994) . Thus, the unique ≈30 kDa protein detected by the antisera (data not shown) could be a subunit of invertase, a breakdown product, or an incompletely denatured protein. Overall, the sizes of the papaya subunits under denaturing conditions were in agreement with the previously reported invertase subunits, from a variety of plant species of 30, 38, 58, 63, 64, and 68 kDa (Arai et al., 1992; Bracho and Whitaker 1990; Iwatsubo et al., 1992; Unger et al., 1992; Yelle et al., 1991) .
The accumulation of presumed apoplastic invertase protein paralleled an increase in cell wall invertase activity during fruit ripening (Fig. 6) . No difference in protein size was detected by the antisera of protein extracted with and without 1 M NaCl in the Fig. 3 . Southern analysis of papaya cell wall invertase gene, genomic DNA (10 µg) from 'Sunsetʼ papaya leaves was digested with either EcoR I, EcoR V, Hind III, or Xba I, and hybridized with the gene specifi c probes for papaya cell wall invertase. Fig. 4 . Northern analysis of cell wall invertase (panels 1 and 2) and sucrose synthetase (panel 3) gene expression in different plant tissues and fruit developmental stages. Gene specifi c probes for invertase and sucrose synthetase were used. Total RNAs were extracted from different tissues and stages of fruit development (Y2 = 6 weeks before maturity; Y3 = ≈4 weeks before maturity; 2WB = 2 weeks before maturity; mature, (color break to 30% yellow) and full ripe. Panel 2 = longer exposure of blots in panel 1. Fig. 5 . Immunoblot analysis of extracted invertase protein levels during papaya fruit development, 50 µg protein was loaded per lane. Mesocarp tissue (Y3 and 2WB) was fi rst extracted without NaCl in the extraction buffer (-NaCl), the pellet from this extraction was then extracted again with buffer plus 1 M NaCl to remove cell wall bound invertase. Mesocarp from full ripe fruit (FR) was extracted either with or without NaCl in the extraction buffer and the supernatant used. Antisera for the carrot cell wall invertase was used. Y3 = 4 weeks before maturity; 2WB = 2 weeks before maturity. FR = full ripe.
extraction buffer. The absence of MW differences suggested that the proteins detected were the same invertase isoforms. Moreover, the level and distribution of cell wall-bound invertase activity (Fig.  6 ) was associated with the differential accumulation of mRNA detected using the papaya invertase cDNA probe (Fig. 4) . The data taken together supported the proposal that a papaya fruit cell wall invertase gene was expressed during late fruit maturation. During this stage, sucrose accumulates from 4 to 38 g·kg -1 (fresh weight) in the mesocarp and is ≈50% of the total sugars (Zhou and Paull, 2001 ). The increased invertase protein level in the minus NaCl extraction during fruit ripening (Fig. 5 ) was possibly associated with cross reaction with soluble invertase and some cell wall invertase that was also extracted. When the pellet was reextracted with NaCl, a peak in invertase cross reactivity occurred 2 weeks before harvest, this declined in full ripe fruit and the trend paralleled the difference curve between total and NaCl extracted enzyme activity (Fig. 6) . The increase in the levels of the soluble invertase (minus NaCl, Fig. 6 ) during postharvest ripening may have been due to cell wall degradation (papaya fruit become very soft at this stage), that facilitated the release of apoplastic invertase during extraction, rather than a change in the isoform or subcellular distribution, although the presence of soluble isozyme is not excluded. This is consistent with the observation of Perez et al (2001) who found that 99% of periplasmic invertase in yeast cells was solubilized during the conversion of cells into protoplasts. The size of the invertase protein released by zymolyase digestion was identical to that of the invertase solubilized during the conversion of the cells into protoplasts (Pérez et al., 2001 ). Carlson and Chourey (1999) also reported that changes in the enzyme activity are attributable to a cell wall invertase protein in the soluble fraction. Papaya sucrose is lost within 2.6 min following homogenization (Chan and Tang, 1979) , unless the tissue is subjected to preheating to denature invertase before extraction.
The solubility of invertase enzymes is affected by the pH of extraction buffer, extraction method, and 1 M NaCl. The difference in activity between extracts made in the presence and absence of NaCl was used to estimate cell wall invertase activity in the current study. Papaya invertase activity was >15 times higher when 1 M NaCl was included in the extraction for mature green fruit (Fig. 6) . Preliminary tissue blot experiments showed that invertase proteins were mostly distributed around the vascular tissue of immature green fruit and spread throughout the mesocarp in full ripe soft fruit (data not shown). When fresh fruit juice was incubated at room temperature for 20 min, the reducing sugar levels increased 54% and 97% for mature green and full ripe fruit, respectively (unpublished data). This, combined with the much higher invertase activity and sucrose levels in mature papaya fruit (Zhou and Paull, 2001) , suggested that the sucrose and invertase were physically separated in vivo. This explanation is consistent with the 26-fold increase in salt soluble invertase activity during ripening. Whole soluble sugar composition is unaffected (Zhou and Paull, 2001) . Busse and Laties (1993) found that ethylene and sugar could regulate invertase gene expression at the transcriptional and posttranscriptional levels. Sugar level can regulate the expression of invertase and SS genes in plants (Isla et al., 1991; Koch, 1996) . SS gene expression, was highest in young fruit and decreased as the fruit developed (Fig. 4) . SS enzyme activity remained constant (Zhou and Paull, 2001 ) and SS mRNA decreased to low levels at the ripening stage. SS activity may control sucrose import capacity in young fruit (Koch, 1996) and possibly also in papaya.
A trans-membrane sucrose gradient between the phloem and apoplast of adjacent cells can be maintained or increased by apoplastic invertase cleaving sucrose into glucose and fructose (Sturm and Chrispeels, 1990) . A high apoplastic invertase activity in sinks may increase sucrose transport to these organs and thus increase sink strength (Ho, 1984; Morris, 1982 ). The increase in mRNA level, protein level and invertase activity, during the late stage of papaya fruit development suggested that cell wall invertase may be a major contributor to sugar accumulation during the late phase of fruit maturation before ripening. Protein analysis (Fig. 5 ) and invertase activity assays (Fig. 6 ) confi rmed that a cell wall invertase was a major form during the late stage of papaya fruit development. This conclusion agrees with the model proposed by Eschrich (1980 Eschrich ( , 1989 for phloem unloading. Our observations are supported by previous experiments in which modifi cation of cell wall or vacuolar invertases using antisense in potato (Heineke et al., 1992; Sonnewald et al., 1997) , tomato (Klann et al., 1996) , and carrot (Tang et al., 1999) dramatically affected plant development and sugar partitioning in sink tissue. Furthermore, the different expression patterns of invertase and SS in the sink tissues suggested that, regarding sugar partitioning, SS was a predominant enzyme in young fruit and petioles (DʼAoust et al., 1999) , while invertase was more important in the young leaves, fl owers and mature fruit.
Papaya showed strict regulation of invertase gene expression and enzyme activity during fruit development. Cell wall invertase activity in papaya may be regulated by the availability of assimilate supply. Papaya fruit removal, which may increase assimilate supply to the remaining fruit, led to an earlier increase in invertase activity (Zhou et al., 2000) , while defoliation, that reduced assimilate supply, delayed an invertase activity increase during the late stage of fruit development. Increased invertase mRNA level (Fig. 4) , protein level (Fig. 5) , invertase enzyme activity (Fig.  6) , and sucrose accumulation (Zhou and Paull, 2001 ) occurred Fig. 6 . Invertase activities (µmol·h -1 ·g -1 fresh weight, pH 5.0, 22 °C) during papaya fruit development. Protein was extracted in the presence [+NaCl, total invertase (buffer soluble and salt extracted)] and the absence (-NaCl, buffer soluble invertase) of 1 µM NaCl from fruit fl esh at different developmental stages (Y1 = fruit younger than 10 weeks, Y2 = ≈6 weeks before maturity, Y3 = ≈4 weeks before maturity, 2WB = 2 weeks before maturity, mature = color break to 30% yellow (harvest maturity), full ripe = skin fully yellow (7 d after harvest). The difference between total minus buffer soluble invertase activity was also plotted. Each data point represents the average of at least two individual fruit extractions, three measurements were done on each extraction. Vertical bars indicate SD.
during the last stage of fruit development, 4 weeks before maturity and the commencement of ripening. However, there were distinct differences, the increase in mRNA and invertase protein levels occurred 2 to 4 weeks before maturity and this increase was markedly higher than the overall increase in enzyme activity between these stages. Subsequently, the increase in enzyme activity was higher than the increase in protein levels between 2 weeks before maturity and fully ripe. These observations suggested a post-translational control of enzyme activity and a two-stage mechanism of gene activation in which a signifi cant amount of invertase protein accumulated before the peak of enzymesʼ activity. Transgenic papaya plants with enhanced cell wall invertase would be expected to have higher sucrose levels. Choice of a mesocarp and specifi c fruit growth stage gene promoter would reduce disruption of the plantʼs source-sink balance.
